Adsorption experiments of Zn 2+ and Cd 2+ ions from aqueous solutions onto vermiculite were conducted to test the applicability of two basic functions derived for calculating the change in the Gibbs' free energy (∆G 0 ) and the chemical potential (∆µ) between the initial and equilibrium states in ion adsorption systems. The functions were deduced on the basis of the thermodynamic principle that the chemical potentials of the reactants and products of a physicochemical reaction should be equal in the equilibrium state and, consequently, the change in the Gibbs' free energy between the initial and equilibrium states of the reaction should be equal to the sum of the initial molar quantity of each reactant multiplied by its change in chemical potential. The results of the analysis conducted indicate that the two functions considered could well be used not only for calculating ∆G 0 and ∆µ but also for determining the adsorption capacity of an adsorbent under the conditions considered.
INTRODUCTION
Determinations of the change in the Gibbs' free energy of ion adsorption reactions are of both theoretical and practical value, not only for describing the nature of the reaction (Ghiaci et al. 2004; Naiya et al. 2008; Singh 2000; Wang et al. 2006) but also for understanding the essential relationships amongst the various factors involved in the adsorption process (Barros and Arroyo 2004; Papageorgopoulos et al. 1999; Tahir and Rauf 2003; Latour and Rini 2002) . A statistical thermodynamics analysis of the interactions between a surfactant and a polymer has been carried out by Ruso and Sarmiento (2000) , while Saltali and Sari (2006) have examined the thermodynamics of the sorption of NH + 4 ions onto natural Turkish bentonite. Similarly, on the basis of the standard free energy change over the entire tested temperature range, Barros and Arroyo (2004) have compared the selectivity of K + , Cr 3+ and Ca 2+ ions in their exchange processes onto zeolite NaA. In their study on the influence of organics on the structure of water adsorbed on activated carbons, Turov et al. (2002) reported that the changes in the Gibbs' free energy of adsorbed water was related both to the textural properties of the adsorbent and to the degree to which it had been oxidized. The results obtained by from their studies of the interaction of proteins in aqueous suspensions with fumed silica indicated that the change in the Gibbs' free energy on protein adsorption depended on the pH, concentration, types of proteins and their preparation techniques. From investigations of protein-surface interactions, Latour et al. (2000) developed an experimental method for determining the thermodynamic parameters for the adsorption of a single mid-chain peptidyl residue onto a glass surface.
Because there are difficulties in undertaking direct measurements of the real change in the Gibbs' free energy for an adsorption reaction, the standard Gibbs' free energy change, ∆G 0 , has often been used by many authors (Naiya et al. 2008; Nabi et al. 1999; Singh 2000; Sazonova et al. 2001; Dursun 2006) for predicting the nature of the reaction as well as for calculating two other closely related thermodynamic parameters, viz. the standard enthalpy change, ∆H 0 , and the standard entropy change, ∆S 0 (Mustafa et al. 2002; Rauf and Tahir 2000; Latour et al. 2000; Tahir and Rauf 2003; Singh and Nayak 2004) . To calculate ∆G 0 for an adsorption reaction, it is necessary to employ an important parameter -the equilibrium coefficient for the reaction -and, thus, the calculation of ∆G 0 is highly dependent on adsorption model analyses (Mirji 2006; Nabi et al. 1999; Sahu et al. 2000; Tahir and Rauf 2003) . Interpretation of the calculated ∆G 0 values on the basis of traditional adsorption models can suffer from parametric inconstancy due to a lack of thermodynamic consistency in model assumptions subject to various experimental conditions (Bai and Yang 2002; Gritti and Gulochon 2003) .
The change in the Gibbs' free energy (∆G) of a reaction is generally referred to as the difference in the Gibbs' free energy between two system states (normally between the initial and equilibrium states) of the reaction. It can thus be argued that the standard Gibbs' free energy change, ∆G 0 , which is equal to the difference in the standard Gibbs' free energy between the reactants and products, may not always be a proper parameter for justifying the nature of the reaction as it does not represent the real change in the Gibbs' free energy of the reaction system.
The main objective of the present study is to develop a simple equation for calculating the change in Gibbs' free energy of an ion adsorption reaction. The use of related functions for estimating the adsorption capacity of the adsorbent is also demonstrated using experimental data obtained from designed adsorption tests involving Zn 2+ and Cd 2+ ions from aqueous solution.
THEORETICAL

Change in the Gibbs' free energy of a chemical reaction
The following equation can always be written for the chemical reaction employing A and B as reactants and generating Q and D as the products (see Appendix 1):
According to the laws of thermodynamics, the chemical potential (µ) of the components will be equal in the equilibrium state, viz.
with the corresponding equilibrium coefficient being:
(2)
where A e , B e , Q e and D e are the molar concentrations of components A, B, Q and D, respectively, in the equilibrium state. During the course of the reaction, there will be a decrease in the amount of reactants associated with a corresponding increase in the amount of products. This, in turn, will cause changes in the Gibbs' free energy (G) of the reaction components and thus of the system. If it is assumed that the reaction occurs at a constant temperature with insignificant changes in the system pressure and volume, the change in G for the reaction system will be equal to the sum of the changes in G of each of the components. For a reaction system of unit volume, the portion of G associated with the reaction components in equation (A1) in the equilibrium state is:
whilst that associated with the initial state is:
where A 0 and B 0 are the initial molar concentrations of reactants A and B, respectively. The change in the Gibbs' free energy of the reaction system between these two states, ∆G, will thus be:
Since one mole of Q and d moles of D appear in the reaction and a moles of A and b moles of B disappear, the equilibrium concentration of the respective components will be related to Q e by:
On substitution of these values into the above equation, we obtain:
From equation (1), we see that
It follows that, in general, for a reaction of the type (see Appendix 2):
(A2) equations (1) and (3) will, respectively, acquire the following extended forms: 
L L
where C denotes a reactant. It is very important to note that neither those quantities relating to products nor those relating to mole numbers of the reaction components (a, b, c, etc.) appearing in equation (A2) and equation (4) appear in equation (5). The physical meaning of equation (5) can thus be generalized as follows: whatever the nature of a reaction, the change in G between the initial and equilibrium states of the reaction will be equal to the sum of the initial molar quantity of each of the reactants multiplied by its change in chemical potential. For simplicity in interpreting equation (5), let us consider the following reaction as an example for further discussion:
Since the reaction expressed in equation (A3) is a special case of the reaction expressed in equation (A1) with a = b = d = 1, it follows that:
Accordingly, equations (1) and (2) may be simplified, respectively, to:
The changes in both the concentrations and chemical potentials of the reaction components in equation (A3) are illustrated in Figure 1 . Since no loss occurs in the total molar quantity of the reactants in the reaction process, other than the transformation of portions of A and B into equivalent amounts of D and Q [ Figure 1 (a)], accompanied by changes in the chemical potentials of A and B from their initial levels, µ A 0 and µ B 0 , to their respective equilibrium levels, µ A and µ B [ Figure 1 (b)], it follows that: Figure 1 . Changes in the concentration and chemical potential of reaction components between the initial and the equilibrium states (A e , B e , D e and Q e , respectively, represent the equilibrium molar concentrations of components A, B, D and Q; A 0 and B 0 , respectively, represent the initial molar concentrations of reactants A and B; while µ i corresponds to the chemical potential of component i).
where ∆µ denotes the change in the chemical potential of the system. Thus:
The chemical potential of component i, µ i , is related to the activity of i, a i , by:
where µ 0 i is the chemical potential of component i under the standard pressure P 0 (or the chemical potential of i when its activity a i has unit value), R is the universal gas constant and T is the absolute temperature. On substituting using the molar concentration to represent activity, equation (3) becomes:
Since both µ 0 A and µ 0 A 0 denote the standard chemical potential of reactant A, while both µ 0 B and µ 0 B 0 denote the standard chemical potential of reactant B, the respective difference will be zero, viz.:
Equations (11) and (12) are of practical value in determining ∆G and ∆µ since both A e and B e can be easily measured at given values of A 0 and B 0 . From these two equations, we see that:
(1) The change in G and µ for a given reaction can be determined simply by the change in the concentrations of the reactants. (2) If a reaction takes place spontaneously, the changes in both G and µ will definitely be ≤ 0, since both ratios A e /A 0 and B e /B 0 are ≤ 1, viz.
(3) The absolute value of the change in G will be positively related to A 0 and B 0 , because G, as a function of the system, is a quantity factor related to the amount of substances participating in the reaction. Equation (8) shows that ∆µ can also be determined via
As has been discussed previously,
where Σµ 0 i denotes the sum of the difference in standard chemical potentials between the reactants and products. Since D e = Q e , and for a given reaction under constant temperature conditions, Σµ 0 i is a constant related to the equilibrium coefficient K by
equation (12) can be written as
It should be noted that, on transformation, equation (14) will give equation (7), thereby confirming that equations (11), (12) and (14) obey the basic laws of thermodynamics (see Appendix 3).
Change in the Gibbs' free energy of an ion adsorption reaction
Ion adsorption can be regarded as a physicochemical reaction between the adsorbate (A) and the adsorbent (B). Changes in G and µ during an ion adsorption reaction should thus follow the principles described by equations (11) and (14). For adsorption of a single ionic species onto an adsorbent in an aqueous solution of unit volume, we have the following adsorbate/adsorbent ratios: y = A 0 /W 0 , the ratio of the initial ion concentration, A 0 , to the adsorbent concentration, W 0 ; z = A e /W 0 , the ratio of the equilibrium concentration of the ion in the bulk solution, A e , to W 0 ; x = Q e /W 0 , the ratio of the equilibrium concentration of the ion adsorbed onto the solid surface, Q e , to W 0 (i.e. the adsorption density of the adsorbent); β = B 0 /W 0 , the ratio of the ion adsorption capacity of the initial system, B 0 , to W 0 (the quantity β denotes the adsorption capacity of the adsorbent, or the maximum adsorption limit of the adsorbent, and is thus related to the ion adsorption capacity of the system via B 0 = W 0 β); ρ = B e /W 0 , the ratio of the equilibrium ion adsorption capacity of the system, B e , to W 0 (equivalent to the number of unoccupied adsorption sites at equilibrium).
The above defined ratios are related, respectively, by
On substitution into equations (11) and (14), using F and P, respectively, to denote ∆G/(RT) and ∆µ/(RT), we obtain for the adsorption system: 
The significance of equation (15) is that its application in practice involves only the measurement of x at given y and β, independent of the assumptions of the adsorption model. As will be discussed later, equation (16) is useful in the determination of the adsorption capacity parameter, β.
EXPERIMENTAL
Materials
The vermiculite mineral used as the adsorbent was a product of the Second Mineral Plant of Lingshou County, Hebei Province, P. R. China (Wu et al. 2008) . In order to obtain homogeneous samples, the vermiculite was ground and sieved to produce particles with diameters in the 0.09-0.45 mm range, washed several times with distilled water, dried at 100 °C and then stored under dry conditions. Zinc sulphate (ZnSO 4 • 7H 2 O) and cadmium sulphate (3CdSO 4 • 8H 2 O), both of A.R. grade, were used to prepare standard solutions of each of the metal ion species in distilled water.
Sample preparation
A concentration range of 10-150 g/ᐉ was employed for the adsorbent (vermiculite) and one of 25-500 mg/ᐉ for the adsorbate (Zn 2+ , Cd 2+ ions), the later being varied to accommodate the experimental designs. Particular care was taken in sample preparation to avoid the effects of ion contamination.
The basic idea governing sample preparation was the need to establish a series of adsorption systems in which the change in the Gibbs' free energy could be mostly accounted for by the change in the concentrations of the tested ionic species and the adsorbent. Thus, it was important to obtain a series of aqueous solutions containing a single ionic species and an adsorbent possessing a constant adsorption capacity. Buffer systems were not used to avoid unexpected effects of competition between the tested ions and those introduced into the system for control of the solution pH and ionic strength.
Equilibrium adsorption tests
Test samples were obtained by transferring an accurately weighed amount of the adsorbent and 100 mᐉ of a solution of a given ion at different concentrations into a series of 250-mᐉ ground-glass stoppered flasks. Equilibrium experiments were conducted by placing the flasks in a shaker bath which was shaken at 200 rpm for 24 h at 25 °C. When equilibrium had been attained, the solutions were filtered and the concentration of ions remaining in the aqueous phase determined by flame atomic absorption spectroscopy (AAS). The equilibrium ion adsorption density, x, was calculated from the relationship:
where A 0 (mg/ᐉ) is the initial ion concentration, A e (mg/ᐉ) is the equilibrium ion concentration in the bulk solution, W 0 (g/ᐉ) is the adsorbent concentration, while the three adsorbate/adsorbent ratios, x, y and z, are all in mg/g. Control and parallel experiments were performed. Standard deviation analyses indicated good agreement between the parallel tests with the average values being listed in the various tables below. Microsoft Excel was used for data and plot analysis.
RESULTS AND DISCUSSION
Calculation of ∆G values
Tables 1 and 2 give the measured values of x (adsorption density) and the calculated values of ∆G/(RT) as obtained via equation (15) for different values of A 0 (initial ion concentration), W 0 (adsorbent concentration) and y (the A 0 /W 0 ratio) for Zn 2+ and Cd 2+ ions, respectively. The value of the adsorption capacity parameter β used for the calculations was estimated via plot analysis as 5.23 mg/g for Zn 2+ ions and 8.12 mg/g for Cd 2+ ions. The basic relationship amongst x, A 0 , W 0 and y has been discussed previously (Wu et al. 2008) . Briefly, the general trend was that x increased with increasing A 0 and y, but decreased with increasing W 0 . It is seen from Tables 1 and 2 that all the calculated values of ∆G/(RT) were negative, simply because all the 1 -x/y and 1 -x/β values were less than 1. In accordance with thermodynamic principles, this confirms the spontaneous nature of the tested ion adsorption reactions. In contrast to x, which is an intensity factor, ∆G/(RT) is a quantity factor which increases with both A 0 and W 0 , indicating that when greater quantities of reactants are employed in the reaction, greater amounts of Gibbs' free energy will be lost in the system. According to its definition, the standard Gibbs' free energy change, ∆G 0 , for a system of unit volume is equal to Σµ 0 i as defined by equation (18), viz.:
Based on equation (18), Table 3 lists, for example, the calculated values of ∆G 0 /(RT) obtained from regression analysis using the Langmuir coefficient, K L . It is seen from the table that all the values of K L estimated at different adsorbent concentration levels were less than unity, thereby giving positive values of ∆G 0 /(RT) when substituted into equation (18). It should also be noted from the table that the values of both K L and β L (the adsorption capacity factor as defined by the Langmuir isotherm) showed significant variations for different W 0 values. According to the laws of thermodynamics, the criterion as to whether or not a reaction occurs spontaneously is whether or not the change in the Gibbs' free energy between the initial and equilibrium states, ∆G, is less than zero. This is a crucial point since it is the difference in the value of G between two system states that determines the direction of the reaction. As seen from equation (13), the change in the standard Gibbs' free energy, ∆G 0 , is actually the difference in the standard chemical potential between the reactants and the products, which is thus a constant for a reaction conducted at a given temperature. For this reason, it may not be appropriate to use ∆G 0 as a parameter for discussing the spontaneity of a reaction. The value of ∆G 0 is an important index as it determines the value of the equilibrium coefficient or, in other words, it determines the extent to which equilibrium can be attained in a reaction. In fact, the value of ∆G 0 for a reaction can be either positive, negative or zero, since the equilibrium coefficient K for various reactions can be either higher, lower or equal to unity, viz. ∆G 0 < 0, K > 1; ∆G 0 > 0, K < 1; ∆G 0 = 0, K = 1. Hence, the obtained positive ∆G 0 /(RT) values listed in Table 3 do not necessarily indicate that the tested ion adsorption reactions were not spontaneous. 2 . Relationships between the adsorbate/adsorbent ratios. In the two parts of the figure, x = the equilibrium adsorption density, i.e. the ratio of the equilibrium concentration of the ion adsorbed onto the solid surface, Q e , to the adsorbent concentration, W 0 ; z = the ratio of the equilibrium ion concentration in the bulk solution, A e , to W 0 ; y = the ratio of the initial ion concentration, A 0 , to W 0 ; and β = the adsorption capacity of the adsorbent, i.e. the ratio of the initial ion adsorption capacity of the system, B 0 , to W 0 . The basic data for Zn 2+ ions listed in Table 1 were used to construct the two parts of the figure. The data points correspond to the following. Part (a): ᭺, 1 -x/y; ᭹, 1 -x/β. Part (b): ᭺, 1 -x/β; ᭹, 1 -x/y.
Plot of the ∆µ curves
The change in the chemical potential of an adsorption system, ∆µ, given by equation (16) is related to five important adsorbate/adsorbent ratios -x, y, z, ρ and β. The relationship among these ratios is demonstrated in Figure 2 using the experimental data presented in Table 1 for Zn 2+ ions. It is seen from Figure 2(a) that the value of 1 -x/y showed a negative relationship with x/y whereas that of 1 -x/β was positive. When plotted against y -as shown in Figure 2(b) -the value of 1 -x/y increased while that of 1 -x/β decreased with increasing y, with the two curves intersecting at the point y = β. Similar trends to 1 -x/y and 1 -x/β are shown by the plots depicted in Figures 3(a) and (b) for both the two ionic species examined, i.e. ln(1 -x/y) increased while ln(1 -x/β) decreased as y increased, with the curves again intersecting at the point y = β. Within the range of y examined, this gives an interesting pattern for the plot of ∆µ/(RT) (denoted as P), which when plotted as the sum of ln(1 -x/y) and ln(1 -x/β) first increases and then diminishes, with a peak value occurring at ca. y = β.
The fact that the ∆µ/(RT) curve exhibits a peak value at y = β suggests the existence of a theoretical upper limit for the function ∆µ/(RT). On the basis of the experimental data presented in Tables 1 and 2 , Wu et al. (2008) have demonstrated that the adsorption density x is subject to two limits, viz. β (the maximum adsorption density, i.e. the ratio of the initial adsorption capacity of the system, B 0 , to the adsorbent concentration, W 0 ) and y (the maximum adsorption availability, i.e. the ratio of the initial ion concentration, A 0 , to the adsorbent concentration, W 0 ). At a given value of W 0 , x will increase with increasing A 0 until the value β is attained, when all the adsorption sites on the solid surface will be covered by ions. Similarly, at a given value of A 0 , x will decrease with increasing W 0 until a critical limit x c is attained, when all the ions in the system are adsorbed onto the solid surface, thus x c = y. Since increasing A 0 at a given value of W 0 is equivalent to decreasing W 0 at a given value of A 0 and vice versa, from the trends indicated in Tables 1 and 2 it is possible to write the following boundary relationships:
Thus, at both limits:
x → β, 1 -x/β → 0, 1 -x/y → 1, ln(1 -x/β) → -∞, ln(1 -x/y) → 0, ∆µ/(RT) → -∞ x → y, 1 -x/y → 0, 1 -x/β → 1, ln(1 -x/y) → -∞, ln(1 -x/β) → 0, ∆µ/(RT) → -∞ i.e., ∆µ/(RT) will finally go to minus infinity in both cases of either increasing A 0 for a given value of W 0 or of increasing W 0 for a given value of A 0 .
Re-writing equation (16) which gives y = β, thereby confirming that ∆µ/(RT) has an upper limit at y = β, at which P = ∆µ/(RT) = ln(1 -x/y) + ln(1 -x/β) = 2 ln(1 -x/y) (20)
Determination of the parameter β
In order to calculate ∆G and ∆µ for an ion adsorption reaction using equations (15) and (16), one needs to know the capacity factor β. Although different methods have been developed for determining adsorption isotherms (Gritti and Guiochon 2003; Dursun 2006; Nowicki and Nowicka 2005) , in most cases the value of β has been estimated by two means: the first involves measuring the equilibrium adsorption density x at the saturated adsorption point at which x is equal to β; the second involves a regression analysis based on a given adsorption model. Unfortunately, the measurement of x at the saturated adsorption point can often lead to unreliable results. This arises because a high initial ion concentration (A 0 ) has to be employed in order to attain saturation, giving rise to an equilibrium ion concentration in the bulk solution (A e ) at a point which is too high to be analyzed accurately by available methods. The use of traditional models might also give rise to other types of errors. As seen from Table 3 , due to the presence of the adsorbent effect (O'Connor and Connolly 1980; Voice and Weber 1985; Wu et al. 2006 ), significant differences arise among the β L values estimated at different adsorbent concentration levels. Reports from many other authors also indicate that the parameters estimated by them on the basis of traditional adsorption isotherms varied with experimental data obtained under different experimental conditions (Al-Asheh et al. 2003; Cseh and Benz 1998; Mura-Galelli et al. 1991) .
The fact that the ∆µ/(RT) curve possesses an upper limit at y = β can be used for determining the value of β. For a given adsorbent, ln(βK) in equation (19) is a constant, thereby yielding: P = ∆µ/(RT) = 2 ln(x) -ln(y) -ln(Kβ)
Thus, if we define a new function Z,
Z should also have an upper limit at y = β. As the β factor does not appear in the expression for function Z [see equation (22)] while x can be measured at a given value of y, the plot of Z versus y can be determined directly using the obtained experimental data. As demonstrated in Figure 4 , the determination of the adsorption capacity parameter, β, for the tested adsorbent was conducted using the basic data presented in Tables 1 and 2 via the following procedure:
(1) Firstly, on the basis of equation (22), a plot of Z versus y is drawn using the measured value of x at a given value of y. (2) From this plot of Z, the corresponding value of y at the upper limit may be determined.
(3) This value of y is then used as β to construct the ∆µ/(RT) plot to see whether ∆µ/(RT) and Z exhibit an upper limit at the same value of y. (4) Finally, equation (20) is used to check whether the plot of 2 ln(1 -x/y) intersects ∆µ/(RT) at y = β.
The measured plots shown in Figure 4 confirm that adsorption in the tested systems followed the basic rules described by the thermodynamic functions presented above. It will be seen that, despite the presence of a few unavoidable measurement errors, the plot of 2 ln(1 -x/y) intersects ∆µ/(RT) at the point which corresponds approximately to the upper limit of the Z function, thereby indicating that the derived equations fit the experimental data to a relatively high level of accuracy.
CONCLUSIONS
The results obtained confirm a well-known fact that ion adsorption from aqueous solution obeys the basic laws of thermodynamics and thus that the presented functions can be applied for both the calculation of the change in the Gibbs' free energy of the adsorption reaction and the determination of the adsorption capacity of the adsorbent, at least under the tested experimental conditions. However, it should be pointed out that, in the forms in which they are presented, these functions are only suitable for non-buffered systems involving the adsorption of single ionic species. For other systems, these basic relationships involving the adsorbate/adsorbent ratios will be influenced by competition amongst the different ionic species for the available adsorption sites. Thus, it may be anticipated that in systems containing mixed ionic species, including buffered systems, the contribution of the reactants to the total changes in G for the system will be changed and that, in particular, the upper limit point of the ∆µ/(RT) curve will be shifted. This will lead, as a consequence, to unpredictable patterns for the present forms of the derived equations. As ion adsorption reactions can also be influenced by a number of other factors (e.g. changes in the pH, ion interactions, hydrolysis, the nature of the adsorbent surface, etc.), application of the presented equations for the calculation of the thermodynamic parameters of reaction systems should thus be limited to homogeneous adsorption reactions under controlled conditions. Tables 1 and 2 ). The data points in both parts correspond to the following: ᭛, 2 ln(x) -ln(y); ᭹, ∆µ/(RT); ᭺, 2 ln(x/y); ........, y = β.
APPENDIX 2
In general, for a reaction of the type:
according to the laws of thermodynamics, at equilibrium: µ Q + dµ D + pµ P + ... -aµ A -bµ B -cµ C -... = 0 or Σv i u i = 0 (4)
The part of the free energy, G, of the system associated with the reaction components in equation (A2) at equilibrium is: G e = A e µ A + B e µ B + C e µ C + ... + Q e µ Q + D e µ D + P e µ P + ...
= (ΣC e µ C ) Reactants + (ΣP e µ P ) Products while that in the initial state is:
The change in G between the two states is thus ∆G = G e -G 0 = (ΣC e µ C ) Reactants + (ΣP e µ P ) Products -(ΣC 0 µ C 0 )
For the reactants: A e = (A 0 -aQ e ); B e = (B 0 -bQ e ); C e = (C 0 -cQ e ); ...... For the products: Q e = Q e ; D e = dQ e ; P e = pQ e ; ...... On substituting, we obtain:
(ΣC e µ C ) Reactants = (A 0 -aQ e )µ A + (B 0 -bQ e )µ B + (C 0 -cQ e )µ C + ... 
